A systematic literature review was conducted to evaluate the role of diet and food intake in agerelated macular degeneration (AMD). Eighteen high-quality studies were identified. Adherence to a Mediterranean diet had decreased risk of AMD progression. An Oriental diet pattern had decreased association with AMD prevalence, whereas a Western diet pattern had increased association with AMD prevalence. High consumption of vegetables rich in carotenoids and fatty fish containing omega-3 fatty acids was beneficial for those at risk of AMD. Vegetable oils and animal fats containing omega-6 fatty acids, and red/processed meat should be consumed minimally to reduce the risk of AMD progression. High glycaemic index diets and alcohol consumption of greater than two drinks a day had increased association with AMD. As the quality of diet and food intake had a vital role in AMD, the provision of appropriate nutritional advice to those at risk of AMD is recommended.
INTRODUCTION
Age-related macular degeneration (AMD) is a progressive chronic disease of the central retina that has been suggested to progress along a continuum from early AMD towards neovascular and/or atrophic AMD. 1 Research has focused on preventing or slowing the progression of AMD through pharmacological interventions such as anti-vascular endothelial growth factor intravitreal injections [2] [3] [4] and through other interventions including the control of modifiable risk factors such as by dietary alteration, antioxidant supplementation and smoking cessation. 5 Current literature concentrates on analyses of dietary supplements based on the age-related eye disease studies, AREDS1 6 and AREDS2. 7 This evidence shows that patients with AMD may benefit from antioxidant vitamin supplements 6, 8 even though taking supplements does not prevent the primary onset of AMD. 9 However, there is limited information on whether relatively well-nourished patients with AMD need supplements or whether a change to a particular type of diet better reduces the progression of the condition. Diet may be defined in terms of single or multiple food items, single or multiple nutritional components of food or in terms of dietary patterns. Any association between diet and disease can then be investigated by food/nutrient analyses or by dietary pattern analyses. 10 As individuals rarely have a diet consisting of only a single food or nutrient item and as they may also change their dietary pattern, food/nutrient analyses and dietary pattern analyses will not explain completely the complex interaction between diet and disease. Nevertheless, knowledge of which nutritional elements are likely to have a role in AMD will provide valuable information for healthcare professionals.
Therefore, the objective of the work reported in this paper was to systematically review evidence on the role of diet and food intake in AMD. The focus of the review is on epidemiological studies around food intake rather than studies on supplement intervention.
METHODS

Criteria for considering studies for this review
Types of studies
The studies included were interventional studies such as randomized controlled trials (RCTs) that compared AMD incidences and progressions with various diets and food intake. Whilst RCTs are not expected to have been undertaken for studies of dietary intervention and AMD, RCTs were not excluded so that possible mechanistic data that may be important could be explored.
The review also included observational studies such as prospective cohort studies, case-control studies and cross-sectional studies. There were no exclusions based on the language or date of publication.
Quality level
The studies were given a study quality level based on the Oxford Centre for Evidence-based Medicine 2011 Levels of Evidence. 11 To be included in the review, studies required outcomes that reached some level of statistical significance. Studies with lower quality levels 4 and 5 were excluded.
Types of participants
The review included studies of both males and females but was limited to adults as the prevalence of AMD is in adults only. The participants could be diagnosed with AMD in one or both eyes.
Types of interventions
The experimental interventions were diet or food intake, rather than supplement interventions. Food intake interventions were delivered as single or multiple combinations and included nutrition deficiency factors. Where a study contained both food intake and supplement interventions, the study was included only if food data were analysed independently from supplement data. There were no restrictions on the duration of the intervention or observation.
Types of outcome measures
The effects of diet or food intake on the incidence and progression of AMD were evaluated. The definitions of incidence and progression of AMD were as defined by the individual study investigators.
Search strategy
The electronic databases used for the systematic search were Allied and Complementary Medicine Database (1985-present), Cochrane Library, Embase (1980-present), Google Scholar, Medline (Ovid) and Scopus. The following keywords were used in the search strategies: (macular degeneration [ [MeSH] ). The search strategy was adjusted for each database, using MeSH and nonMeSH terms appropriately. The strategy was designed to identify case reports, clinical trials, controlled clinical trials, guidelines, meta-analyses, practice guidelines or RCTs. Non-human studies were excluded from all databases. Reference management tools were used to remove intra-database and inter-database duplicates. The reference lists within pertinent articles were checked to identify further relevant studies. The last search was run in August 2017.
Identification of studies
From the search strategy, 1342 articles were identified initially (Fig. 1 ). Articles were screened based on titles and abstracts. To ascertain the effects of diet and food intake on AMD, the studies needed to have food data that was analysed independently Figure 1 . Flow diagram of study selection process.
† Study quality level 1 includes systematic reviews; level 2 includes cross-sectional studies, inception cohort studies and randomized trials; level 3 includes cohort studies and non-randomized trials; level 4 includes case-control studies; level 5 includes mechanism-based reasoning/opinions; the level may be graded up if there is a large effect size. from supplement data. A total of 18 studies met these criteria and were included in this review.
Data extraction
Diet and food intake data, where results were statistically significant, were extracted for this review. Data relating to dietary supplementation were ignored.
RESULTS
Study characteristics
The characteristics of the 18 studies included in this review are summarized in Table 1 .
Outcomes
Statistically significant results of the studies and other findings are presented in Table 2 .
DISCUSSION
It is difficult to compare food/nutrient analyses to dietary pattern analyses. The food/nutrient analyses investigate single or multiple items, whereas dietary pattern analyses investigate pooled data. Therefore, these areas are discussed separately.
Dietary pattern
Within dietary pattern analyses, there are different methods which have advantages and limitations. These are discussed in detail by Ocké. 10 In the following sections, the different approaches used by the researchers will be noted.
Five studies in this review investigated the association between diet and AMD. Merle et al. 12 and Hogg et al. 16 applied their individual Mediterranean diet scores, Cougnard-Grégoire et al. 13 focused on olive oil in their researcher-defined factor analysis, Chiu et al. 15 applied the principal component analyses (e.g. Western and Oriental diet patterns) and Amirul Islam et al.
14 applied their individual sixfactor dietary pattern score.
The Mediterranean diet is typically characterized by a high consumption of fruits, vegetables, legumes, whole grains and nuts; moderate consumption of fish, poultry and dairy; and a limited consumption of red meat. Olive oil is used instead of butter and low to moderate amounts of red wine may be consumed. The Oriental diet pattern in this review was defined as having a higher intake of fruit, vegetables, legumes, whole grains, tomatoes and seafood. The Western diet pattern was defined as having a higher intake of red meat, processed meat, high-fat dairy products, fried potatoes, refined grains and eggs.
The studies included in this review showed that a high adherence to the Mediterranean diet was beneficial in late AMD. The use of olive oil was also found to be beneficial, reducing the odds of developing late AMD, in two of the reported studies. 13, 22 Adherence to a Mediterranean diet has been reported to be associated with a decrease in plasma biomarkers for oxidative stress. 30 Olive oil contains monounsaturated fatty acids and polyphenols that also have antioxidant and anti-inflammatory properties. 13 It may be plausible to imply that the Mediterranean diet decreases oxidative stress, reduces inflammation and provides a protective mechanism in the progression of AMD. Results for the Oriental diet pattern, which resembles the Mediterranean diet, suggested a protective role in both early and advanced AMD. By contrast, individuals with a high Western diet pattern had increased odds for both early and advanced AMD.
Amirul Islam et al. analysed six-factor dietary patterns consisting of food groups.
14 Their results showed that diet high in grains, fish, poultry, vegetables and nuts but low in red meat was associated with a lower prevalence of advanced AMD. There may be value in looking at specific nutrient components.
Nutrient components
The studies included in this review have a number of key nutrients that have been associated with AMD. Nutrients can be grouped into macronutrients and micronutrients. Macronutrients supply the body with energy and include carbohydrates, proteins and fats. Micronutrients are required in small amounts by the body and include vitamins and minerals.
Macronutrients
Omega-3 fatty acids (DHA and EPA), fish and fats Omega-3 fatty acids are essential polyunsaturated fatty acids that are required for metabolism and must be obtained from the diet. The three major types of omega-3 fatty acids are alpha-linolenic acid (ALA), docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). 31 ALA is found in seeds, nuts and vegetable oils. 32 DHA and EPA are high in fish oils and dark-meat fish such as salmon, anchovy, mackerel, tuna, salmon, sardines and swordfish. DHA is present in photoreceptors and synaptic membranes and is required for retinal function. 33 Five studies in this review showed that a high intake of omega-3 fatty acids and fish had statistically significant associations with the decreased development of intermediate and late AMD. This association was consistent with the meta-analysis Q1-5 (quintile), a statistical value of a data set that represents 20% of a given population; T1-3 (tertile), a statistical value of a data set that represents one-third of a given population.
undertaken by Chong et al., 34 who reviewed nine studies investigating the association of food, fish and supplement sourced omega-3 fatty acids with the progression of AMD. The pooled odds ratio (OR) from Chong et al. for late AMD progression with high omega-3 fatty acids intake compared with low intake was 0.62 (95% CI: 0.48-0.82; P < 0.001). The pooled OR for late AMD progression with high fish intake compared with low fish intake was 0.67 (95% CI: 0.53-0.85; P < 0.001). Both these pooled ORs for omega-3 fatty acids intake and fish intake are in the range of the separate ORs reported by the studies included in this review, which ranged from 0.48 to 0.85.
Christen et al. 19 showed a marked increase in the risk of developing AMD when the balance of omega-6 in the diet was high. Omega-6 in the diet mainly comes from vegetable oils and animal fats and is reported to be pro-inflammatory, whereas omega-3 is anti-inflammatory. 33, 35, 36 Some evidence suggests that the ideal omega-3 to omega-6 ratio in a diet should be 1:5 or less. 31, 37 To counteract the increased omega-6 consumption in the modern diet, there has been pressure to increase the intake of omega-3 fatty acids. 31 However, the concept of simply decreasing the intake of omega-6 fatty acids to maintain the omega-3 to omega-6 ratio may be more meaningful.
Chong et al. 22 investigated the associations of each of the three omega-3 fatty acids with AMD and the association of the combination of all three with AMD. They also investigated the association of other dietary fats with AMD. Only the combined high intake of all three omega-3 fatty acids (ALA + DHA + EPA) was associated with a reduction in the odds of developing early AMD compared with low intake. They also found an increased risk of developing late AMD with a high consumption of trans-fats. The major source of trans-fats or transfatty acids in the diet is partially hydrogenated vegetable oils. 38 Hence, the consumption of vegetable oil products containing trans-fats should be kept to a minimum. Other studies such as Wu et al. 17 and Christen et al. 19 only looked at fewer omega-3 fatty acids (DHA + EPA) but included omega-6 fatty acids. Associations with AMD were also found. This brings to light the difficulty of making conclusions from studies that look at specific nutrients thought to be associated with AMD (possibly based on the physiology of the retina) but may overlook the interactions of other key nutrients.
Carbohydrates Carbohydrates are groups of organic compounds containing carbon, hydrogen and oxygen, which are present in food and living tissue as sugars, starch and fibre/cellulose. The digestive system breaks down carbohydrates into glucose, which can be used by the body as energy.
The glycaemic index (GI) ranks carbohydratecontaining foods based on their effect on blood sugar levels over a period of 2 hrs. Pure glucose is given the reference GI of 100. Examples of high-GI (>70) foods include white bread, potatoes, white rice, cereals, honey and refined sugar. 39, 40 Low-GI (<55) foods include whole fruit and vegetables, whole wheat bread, pasta, oats, bran, legumes, milk and yoghurt. A low-GI meal is considered to improve glycaemic control and reduce postprandial hyperglycaemia (during the first 2 hrs) when high concentrations of glucose can enter cells and increase intracellular oxidative stress by hypothesized hyperglycaemic pathway mechanisms. 41 The studies by Kaushik et al. 23 and Chiu et al.
24
showed that a high-GI diet compared with a low-GI diet was associated with an increased risk of developing early AMD. A mechanism for this effect might exist if AMD is associated with an inflammatory process. In the study by Kaushik et al., a high-GI diet was associated with a 77% increase in the risk of early AMD, whereas in the study by Chiu et al. there was only a 5% increase in the risk of early AMD. Both studies had similar cohort characteristics and were adjusted for confounders (see Table 1 ). However, the risk difference between the studies is substantial. Kaushik et al. compared quartiles of GI, while Chiu et al. compared high and low GI. This may be the reason for the risk differences; however, further studies may be necessary to clarify this risk variation. For the progression to advanced AMD, a high-GI diet was associated with a 17% increased risk of progression. 24 A low-GI diet can be beneficial for both early and late AMD and should be recommended to those at high risk of AMD progression.
Micronutrients
Carotenoids There are over 700 vitamin carotenoids that are classified into two major divisions: carotenes and xanthophylls. 42 The six major dietary carotenoids are the three carotenes: α-carotene, β-carotene and lycopene; and the three xanthophylls: β-cryptoxanthin, lutein and zeaxanthin (L/Z). Alpha-carotene, β-carotene and β-cryptoxanthin can be converted by the body to retinol (vitamin A). They are also known as pro-vitamin A carotenoids. Xanthophylls, L/Z are found in high concentrations in the macula and also in the peripheral retina, retinal pigment epithelium, choroid, ciliary body, iris and lens. 43 The body cannot synthesize L/Z; therefore, these compounds must be ingested. L/Z are found in foods such as fruit, green vegetables (high in lutein), corn (high in zeaxanthin) and egg yolk. 32, 44 In this review, Wu et al. 25 showed that a high intake of L/Z and β-carotenes was associated with reduced risk of developing advanced AMD, but was not associated with the risk of developing intermediate AMD. This result is consistent with the meta-analysis of L/Z and AMD by Ma et al., 45 who examined the association of food and supplement sourced L/Z intake with early and late AMD. The pooled relative risk for the highest versus lowest category of L/Z intake and AMD was statistically significantly reduced for late AMD (relative risk: 0.74; 95% CI: 0.57-0.97) but not for early AMD. 45 Hence, the low intake of L/Z was also associated with only the late stages of AMD.
A nutrient component analysis of British people with and without AMD found the AMD group to have a reduced daily L/Z intake from food of 1.4 mg, which was not sufficient compared with the recommended amount of 10 mg/day for macular augmentation. 46 The study also found that the ability to cook hot meals significantly increased L/Z intake, suggesting that the lack of cooking facilities or skills reduced L/Z intake. The AMD group in this study also consumed significantly fewer calories per day, indicating the possibility of a lack of essential nutrients. Undernutrition and the level of care received by the elderly population may need to be considered when giving nutritional advice. It is important to remember that long-term use of β-carotene, retinol and lutein supplements are not recommended because of its association with increased lung cancer 47 and cardiovascular disease risks. 48 Therefore, increasing consumption of carotenoids from food sources rather than from supplements is beneficial and more likely to be without potential adverse effects for the ageing population where these risks may apply.
Multi-micronutrients Aoki et al. 26 demonstrated that micronutrients had a protective role in AMD. A high intake of zinc, vitamin D, α-tocopherol, vitamin C, omega-3 fatty acids and β-carotene from food was associated with a 60-90% reduction in the odds of developing neovascular AMD compared with low intake of these nutrients (OR: 0.40-0.10; see Table 2 ). The results of this case-control study showed a greater reduction in odds compared with the AREDS1 antioxidant supplement reduction in odds of 28% (OR: 0.72; 99% CI: 0.52-0.98; P = 0.007). 6 The absorption of selective, extracted or synthesized micronutrients from supplements is likely to be different from absorption of such compounds from whole foods, where phytonutrients and fibres are intact. The results of Aoki et al. may indicate that a diet based on plants in which micronutrients are abundant is more likely to increase micronutrient uptake by the body.
Specific foods and alcohol
Meat
Chong et al. 27 demonstrated that a high consumption of red meat (fresh or processed) increased the odds of developing AMD. Of concern was the substantially higher OR for developing late AMD with processed meat, namely salami or continental sausage (OR: 2.37; see Table 2 ). High consumption of red and processed meat has been linked to increased risk of cancers in the colorectal, 49 oesophageal 50 and stomach 51 areas. The implied mechanism is that heterocyclic amines and polycyclic aromatic hydrocarbon compounds that form, when meat is cooked at high temperatures, are mutagenic, causing changes in DNA. 52 The International Agency for Research on Cancer also concluded that consumption of processed meat 'as carcinogenic to humans' and red meat was 'probably carcinogenic to humans', based on data from a substantial number of high-quality epidemiological studies. 53 The mechanism of how red and processed meat increases the risk of AMD requires investigation. In our view, knowledge of the data that show the reduction of AMD risk by decreasing the consumption of red and processed meat should be shared. The degree of compliance with such diets can then be decided by those at risk of AMD.
Dairy and calcium
Gopinath et al. 28 showed that a low dairy and calcium intake was associated with an increase in the OR of developing late AMD compared with a high dairy and calcium intake. The reasons for these results were not fully explored. In their study, the number of patients with late AMD was small at n = 84, so caution should be taken when making dietary recommendations to increase dairy consumption. There is evidence of dairy products having both anti-inflammatory and pro-inflammatory effects. 54 There is also evidence that a high intake of dairy products increases prostate cancer risk 55 and that a high intake of whole milk contributes to increased prostate and breast cancer mortality. 56, 57 For these reasons, the positive or negative role of dairy products on AMD needs to be further explored.
Alcohol
Alcohol consumption recommendations for patients with AMD may be more straightforward. To reduce the odds of developing early AMD, the daily alcohol Diet in age-related macular degeneration Table 2 Diet in age-related macular degeneration 
Interpretation example:
High intake of EPA + DHA was associated with a reduced risk of progression to advanced AMD by 32% compared with low intake for the Health Professionals male cohort Other findings: Higher omega-3 fatty acids intake did not show an association with advanced AMD in this study Diet in age-related macular degeneration Interpretation example:
A high-GI diet compared with a low-GI diet was associated with a 10% increased risk of AMD progression in the combined group (no, early and intermediate AMD)
Results for micronutrient components: carotenoids Wu et al. 
P-value
There was no statistically significant association with retinol or cryptoxanthin intake and neovascular AMD odds
Results for specific foods and alcohol Chong et al. acid; ALA, alpha-linolenic acid; AMD, age-related macular degeneration; cf., compared with; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; GI, glycaemic index; HR, hazard ratio; LA, linoleic acid; OR, odds ratio; Q1-4 (quartile), a statistical value of a data set that represents 25% of a given population;
Q1-5 (quintile), a statistical value of a data set that represents 20% of a given population; RR, relative risk; T1-3 (tertile), a statistical value of a data set that represents one-third of a given population.
consumption should be limited to less than two standard drinks. 29 This amount is consistent with the daily alcohol intake guidelines for New Zealand of <2 standard drinks a day for women and ≤3 standard drinks a day for men. 58 Alcohol intake of ≥20 g per day was not statistically associated with late AMD odds. The number of late AMD cases were small (n = 121 or 0.5% of the sample population), possibly contributing to these results. 29 Moderation in alcohol consumption is still advised.
Inflammatory mechanism of AMD
The effect of food on the development of early AMD has been shown to be different to that of late AMD. This was seen with the OR of lutein/zeaxanthin and fish consumption on the progression of late AMD but not necessarily with early AMD. Trans-fats were shown to be associated with late AMD, but not with early AMD. This may indicate that the mechanisms for early AMD and late AMD are different. Early AMD may be caused by the para-inflammatory response of the immune system to relatively low levels of tissue stress. 59 Intermediate AMD may be caused by the inflammatory response to sustained tissue stress. Late AMD may be caused by the chronic/dysregulated inflammatory response of both local and systemic immune systems in the retina. The concept that AMD is, in fact, the result of a retina that progressively cannot maintain homeostasis is in agreement with the AMD classification system, where AMD progresses along a continuum from early AMD to atrophic and/or neovascular AMD. 1 A systematic review of diet pattern analysis and inflammation by Barbaresko et al. reported an association between low-grade biomarkers of chronic inflammation and Western-type and meat-based diet patterns, whereas vegetable and fruit based diet patterns showed an inverse association with these biomarkers. 60 At present, there are no specific and reliable local or systematic inflammatory biomarkers for AMD. 61 Such biomarkers may help explain the link between diet/ food and AMD as well as provide an earlier clinical diagnosis.
There is a body of evidence that suggests that not only diet, but also sedentary lifestyle, high stress and medications contribute to chronic inflammation. 62 These multifactorial influences are then considered to lead to chronic illnesses such as obesity, type 2 diabetes, cardiovascular disease, cancer and depression/anxiety. Improving the quality of one's diet for AMD may have the added benefit of improving general health and well-being.
Education
Despite the important role of diet in diseases of first world countries, nutritional education for healthcare professionals remains inadequate 63 and practitioners' nutritional knowledge is considered insufficient to implement clinical nutritional practice. 64 There is perhaps a need for all healthcare professionals to have a better understanding of nutrition so that nutritional advice can be an integral part of the prevention and management of AMD.
The information provided in Table 3 summarizes the results of this systematic review of the highquality literature and could be used for educational purposes. A gap in the current literature is the systematic cohort studies investigating the effect of dietary patterns and/or nutrients on the initial development of changes associated with AMD. Such studies will only likely occur when large populations are followed over significant time periods and where diet and food intake can be recorded meticulously. In the absence of such studies, it could be wise for healthcare professionals to proactively promote food choices that minimize the risk of AMD, before the onset of clinical signs and subjective symptoms.
CONCLUSIONS
This review and its analyses show that there are multifactorial influences of diet and food intake on the incidence and progression of AMD. Adherence to a Mediterranean diet based on high consumption of fruits, vegetables, legumes, whole grains and nuts; moderate consumption of fish, poultry and dairy, use of olive oil instead of other oils/fats and optional low amounts of red wine; and limited consumption of red meat should be encouraged. The Oriental diet pattern with higher intake of vegetables, legumes, fruit, whole grains, tomatoes and seafood is preferred over a Western diet pattern with higher intake of red meat, processed meat, high-fat dairy products, fried potatoes, refined grains and eggs. The studies in this review recommend the consumption of vegetables to increase L/Z carotenoid intake. Consumption of fatty fish greater than twice a week is also advised to increase the omega-3 fatty acids, DHA and EPA. Omega-6 fatty acids, such as vegetable oils and animal fats, should be kept to a minimum. Red or processed meat should be consumed less than four times a week and salami or continental sausage consumption should be reduced to less than once a month. Low-GI food choices are preferred over high-GI foods and alcohol consumption should be limited to less than two standard drinks a day.
Diet is a modifiable risk factor for AMD, and so, improvement to diet and food intake should be encouraged. Current evidence suggests that improving the quality of the diet, increasing the intake of foods that contain the nutrients required by the retina and avoiding foods that induce oxidative damage will play an important role in protecting against AMD. With the impending increase in the number of AMD patients in an ageing population, healthcare professionals have the responsibility to proactively promote food choices that minimize the risk of AMD. There is possibly a paradigm shift in the medical profession, where chronic diseases are viewed as conditions that require lifestyle interventions, including maintenance of a healthy body mass index, healthy diet, physical activity and stress management. 62 These lifestyle interventions may also be applied to AMD prevention, management and treatment. Providing the appropriate nutritional advice in conjunction with any conventional AMD treatment will be imperative to those at risk of AMD.
